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Review and Categorization of Saltation,
Suspension, and Resuspension Models

By W. J. Smith IL,* F. W. Whicker,t and H. R. Meyert

Abstrect: Fifteen mathematical models for estimating the
entrainment of particles by wind are reviewed and categorized
w0 help investigators more easily match the requirements of
their application to the capabilities and data requirements of
the available techniques. A description of the origin and
intended application of each model and a brief review of the
formulation and parameterization are given. Important
assumptions, limitations, and desirable features of the tech-
nigues are noted. A table outlines the suitable applications,
available environmental and climatic variables, and the type of
estimate provided by each model.

The entrainment and transport of particles by wind
has received considerable attention. A large body
of literature 1is available, ranging from the
resuspension of radioactive fallout particles to the
wind erosion of agricultural soil. This wide range
of models complicates the task of selecting an

*W. J. Smith II is currently a Ph.D. student of radiation
wology at Colorado State University, Department of Radiology
ind Radiation Biology. This article is from a dissertation to be
wbmitted to the Academic Faculty of Colorado State Univer-
ity in partial fulfillment of the degree of doctor of philosophy.
Smith now holds the M.S. degree in health physics from CSU
ad spent S yr at the Los Alamos National Laboratory working
in the fields of radiation ecology, waste management, and
istrumentation development. Current address: Department of
Radiology and Radiation Biology, Colorado State University,
Fort Collins, CO 80523.

tF. Ward Whicker is a Professor of Radiation Biology at
Colorado State University, Fort Collins. He teaches and con-

entrainment formulation suitable for a given pur-
pose. This article gives information and back-
ground on available models so the reader may limit
the number of techniques that must be pursued in
more detail. The citation of references is limited to
one or two important sources for each technique,
which should provide a reasonable entry point to
the appropriate literature.

Definitions follow for some fundamental terms
used here. Entrainment is used to mean the general
pickup and movement of particles by the wind.
Suspension applies to particles (generally <50 pm
in diameter) kept airborne for long distances by
the force of the wind. Resuspension applies to
suspension of particles that have been previously
airborne and deposited and whose characteristics

ducts research in radioecology, with current emphasis in the
area of radionuclide transport in terrestrial ecosystems. He
holds both B.S. and Ph.D. degrees from Colorado State
University, where he has been employed since 1965. Current
address: Department of Radiology and Radiation Biology,
Colorado State University, Fort Collins, CO 80523.

$H. R. Meyer is 2 member of the research staff at the Oak
Ridge National Laboratory, Health and Safety Research Divi-
sion. He conducts research in the areas of radiological assess-
ment and synthetic fuels risk analysis. He holds the M.S. and
Ph.D. degrees in health physics and radiation biology from
Colorado State University. Current address: Oak Ridge
National Laboratory, Oak Ridge, TN 37830.
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may be different from the soil. Saltation refers to
the leaping or bounding motion of particles lifted
by the wind that are too heavy to be held aloft and
fall quickly back to earth. Saltation is generally the
mode of movement for particles of 80 to 1000 pm
in diameter. Surface creep describes the rolling or
sliding movement of particles generally >1000 pm
in diameter and too heavy to be lifted by the wind.
Respirable defines a limited range of particle sizes
that, when suspended in air, will enter and deposit
in the human respiratory tract. The respirable
sizes are generally defined as <7 pm in diameter.
Erodible particle sizes, as defined by agricultural
soil scientists, are those <840 um in diameter.
Nonerodible soil particles are defined as those
>840 um in diameter.

This article is intended as a reference for those
interested in available models for particle
entrainment by wind. Dust raised by mechanical
disturbances or fire is not considered. As far as
possible, we have tried to present the concepts and
formulations underlying each model without judg-
ing which are “better” models and which are
“poorer.” Such judgment falls in the realm of
model evaluation, and that task is highly dependent
on the specific problem being considered. The
model best suited for giving average concentrations
of resuspended fallout particles above a Utah pas-
ture is not likely to also be the best for estimating
the mass flux of suspended dust from a rocky ore
stockpile during a particular wind storm. We can-
not anticipate the specific problems of each reader,
of course. so some pertinent questions will go
unanswered by our discussions. We hope, however,
that the core of each model is presented in a
fashion that will lead the reader to techniques use-
ful for a particular application.

For brevity, we do not present values for many
of the empirical parameters of the different
models. Generally, the range of values may be
expected to be large and highly dependent on the
conditions at each individual site. Investigation of
parameter values is left to the researcher to
encourage the development of site-specific values
rather than the use of “ball park” or “default”
values. A useful review of data and parameter
values has recently been published by Sehmel.!

For this review, model presentation is ordered
such that the number of new parameters intro-
duced for each successive model is kept small; if
one model introduces information needed in a

NUCLEAR SAFETY, Vol. 23, No. 6, November—December 1982

second one, it precedes the second model. We could
not adhere to this goal in every case, but we feel it
gives a sense of progression and development to
this group of interrelated modeling approaches.

REVIEW OF AVAILABLE MODELS

We have selected descriptive names for several
models that may not always correspond with termi-
nology used in other places. Each model or tech-
nique is discussed according to the following gen-
eral scheme: (1) origin and intended application;
(2) formulation and parameterization; and (3)
assumptions, limitations, and presence of desirable
features.

Mass Loading

The mass loading approach is perhaps the sim-
plest method of estimating airborne radioactivity
originating from the radioactive contamination of
surface soil. It was proposed originally as an esti-
mator of the resuspension of fallout particles from
nuclear weapons testing. For more detailed discus-
sions see Refs. 2-4.

Assuming continual entrainment and depletion
of particles in the airstream, the dust loading of
the air at a given point is indicative of the gross
balance between the two processes. The airborne
dust is assumed to originate from the suspendible
fraction of the upwind surface soil. The dust load-
ing M (mass/volume) is used to calculate the air-
borne radioactivity C, (radioactivity/volume)
expected over a contaminated area

C,= MC, (1

The radioactivity associated with the suspendible
fraction of the surface soil C, (radioactivity/mass)
must be measured. Measurements of the atmo-
spheric dust loading M are commonly time aver-
aged. They may be averaged over space as well
and may provide particle-size distribution informa-
tion. When particle-size data are available for bot!
the dust loading and the radioactivity in suspend:
ible soil, Eq. 1 may be rewritten

n n

Co= 2 Cu= 2 MiCy 2

where the subscript i indexes the n particle-siz
classes.
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Two important assumptions underlie this simple
Lmulation. First, the requirement that the con-
bminated area be large is fundamental, because

e available mass loading data represent the aver-

condition for areas large enough that suspen-
1 and depletion of dust in the airstream can

fuilibrate.>* Second, estimation of the radioac-

ity associated with the suspendible soil fraction
quires reasonable uniformity of the contaminant
: the contaminated area.

The mass loading approach is useful in situa-
ns for which suitable dust loading measurements
:¢ available. Because no environmental parame-
s such as soil moisture content or wind speed
¢ incorporated into this model, care must be
sken that the conditions at a given site are prop-
ly represented by the average conditions during
3 measurement of M. The calculated air concen-
sation C, is an estimate of suspended particulates.
The height of the dust loading measurement speci-
s the height for the estimated air concentration

ig

fesuspension Factor

This model was used initially for estimating the
esuspension of fallout particles deposited from
smospheric nuclear weapons tests. It is the earliest
{ the radioactivity resuspension models and was
moposed by Langham® for relating airborne
adioactivity concentrations above a contaminated
uea to measured soil surface radioactivity soon
ilter deposition.

The initial formulation defined the resuspension
factor Sy (length™!) as the ratio of air concentra-
ion C, (radioactivity/volume) to surface radioac-
wity C; (radioactivity/area). Once calculated, Sy
swuld predict air concentrations from measured
wrface radioactivity by

Ca =Sfcs (3)

A major assumption underlying this calculation
sthat the air concentration is predictable from the
wcal surface contamination. For this assumption to
bold, it is necessary that the contaminated area be

wificiently large that an “equilibrium™ air concen- .

ration results: the addition of more contaminated
land upwind should not increase the measured air
woncentration. Care must be exercised in the

- measurement of the soil radioactivity, which is

ssumed to be a surface deposit.
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This model does not account for any climatic or
soil-related variables that could modify the
resuspension phenomenon. These variables include
such important factors as wind speed and soil
moisture content, so this model and the other
resuspension factor models that follow should be
restricted to situations where a resuspension factor
has been measured for the specific environmental
conditions of interest. The calculated air concentra-
tion C,, based on the resuspension factor, is an
estimate of suspended particulates. The height at
which C, is estimated is determined by the height
at which measurements were made in determining
Sy.

Time-Dependent Resuspension Factor

Anspaugh et al.? discussed in some detail the
development of a time-dependent resuspension fac-
tor Sf(t) (length_') to account for decreased air
concentrations - over contaminated areas as the
deposited particles become weathered into and inti-
mately associated with the soil. The . resulting
time-dependent air concentration C,(t) (radio-
activity /volume) is calculated by

C,(1) = Sp(1)C; 4)

where the soil radioactivity C, (radioactivity/area),
is assumed to remain constant with time, changing
only in the degree of association with soil particles
or the depth of mixing of the initial surface de-
posit.

Three models were referenced by Anspaugh et
al.,> and all may be set in the form of Eq. 5. Addi-
tionally, a model of the time-dependent resuspen-
sion factor is used in the Uranium Dispersion and
Dosimetry (UDAD) computer code.® This latter
model has also been incorporated in the Final Ge-
neric  Environmental Impact Statement on
Uranium Milling (FGEIS)® and in the code
MILDOS.” This model, too, fits the form

Sp(1) = S,(0) e M + Sy(o0) (5)

resuspension factor for a fresh

where S/(0) =
deposit (length™!)

A = weathering rate constant describ-
ing the decrease of resuspension
per unit of the time function

flt) = function of time used
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Sy(o0) = long-term asymptote that observed
resuspension  factors  approach
(length™h)

for th‘- ongmal resu

JI —

pensmn factor model

J‘ =

Particle-Size-Dependent Resuspension
Factor

The UDAD code® model of wind resuspension
is both time and particle-size dependent. It is used
for estimating resuspension over large areas
downwind of uranium mining and milling facilities.

Momeni, Yuan, and Zielen® described the net
vertical flux F,(z) (radioactivity/area-time) from
soil to air (at height z) as

F,(z) = RC, — V,C, (6)

where the new parameters are resuspension rate R
(time™") and the deposition velocity ¥,
(length/time). Under the steady-state assumption
of large area uniform contamination, which has
been noted as a requirement for the use of the
resuspension factor, the net flux F,(z) will be zero
because deposition will just equal resuspension.®> So
Eq. 6 may be manipulated to give

= =Sf (7)

Momeni, Yuan, and Zielen® assumed that the
resuspension rate R is independent of particle size,
while the deposition velocity V; is particle-size
dependent. Thus a particle-size-dependent resus-
pension factor is written as Eq. 8, where the sub-
script i is an index to particle size

_ R
Si=5 (8)

If the resuspension factor and deposition velocity
for any reference particle size are known, Eq. 9
allows the calculation of the resuspension factor for
another particle size

Sjr Vdr

i = V. %)
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where the subscript r indicates the reference pant
cle size.

The particle-size-dependent resuspension facte
is also treated as time dependent in UDAD. The
general equation has the form of Eq. 3. and sube

suting from B O

Vi i}
%m=ﬁmwmwM+%wnw

Resuspended air concentrations are given by the
summation

CA) =3 Cult) = 3 S(OCs ()

i=1 il

when S;(r) is given by Eq. 10 and there are
particle-size classes.

This model, like the other resuspension factor
models, is suitable for large area sources having
reasonably uniform particulate deposition and #
subject to the same basic assumptions and limits-
tions.

Resuspension Ratio

Amato® developed a theoretical resuspensio |

rate R, consisting of the ratio of an air concentra-

tion due to resuspension of previously deposited f
particles C, (radioactivity/volume) and an air cor §

centration arriving directly from an active partics-

by
Ca
R, = — n
=g {1

The total air concentration at any point is the sum

C=C4+C,=C4(1+R,) (1

Amato’s development assumes a constant par

ticulate release rate from the source, constat

environmental conditions, and the downwind tram §.

port characterized by a Gaussian plume moddE
Under these conditions, the resuspension ratio waf

independent of the rate of contaminant rclm

from the source.

The resuspension ratio as an estimator d
resuspended particulates is intended for use #
applications where (1) a history of particula

late source C; (radioactivity/volume) as expressed

dit
th

tin
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Table 1 Environmental Variables and Model Parameters for
the Wind Erosion Equation

Primary wind erosion variables

Equivalent erosion equation parameters

Soil erodibility index, I (function of soil particie
size distribution; read from a table)

Knoll erodibility, I, (function of knoll slope
steepness; read from a graph)

Surface crust stability, F,

Soil ridge roughness, X, (function of height,
width, and spacing of clods and furrows)

Annual average wind velocity, » (read from map)

Surface soil moisture, M [estimated using
Thornthwaite’s (Ref. 12) precipitation-
evaporation index]

Distance across field, Dy (field width in direction
of primary erosive wind)

Sheltered distance, D, (calculated from barrier
height upwind of field)

Quantity of vegetative cover, R’ (mass of

standing or fallen vegetative residue per unit area)

Kind of vegetative cover, S (factor related to
erosion-reducing effectiveness of residues from
different crops)

Orientation of vegetative cover, K, (factor relating

erosion reduction to standing vs. fallen crop residues)

Soil and knoll erodibility, I (the product of
Iand I)

} Disregarded—crust is transient

Soil ridge roughness factor, K* {estimated
by comparison to a set of standard photographs)

Local wind erosion climatic factor, ' {(may
be calculated but commonly read from maps of C')

Equivalent vegetative cover, ¥ (the product
of R, S, and Ky)

Field length, L’
(the difference betwéen Dy and Dy)

rlease has resulted in a well-defined deposition
pattern, (2) the particulate release rate is known,
and (3) the ratio has been previously measured at
iocations of interest. This ratio is not as useful
when the variation of environmental or source con-
ditions is to be considered or when calculation of
the release rate from a general particulate source is
desired.

Wind Erosion Equation

Substantial research has been devoted to the
development of a soil erosion equation by agricul-
wral scientists.””!' Eleven primary variables have
been determined to control the wind erodibility of
land surfaces (Table 1). In developing a model of
wind erosion, the 11 primary variables were embo-
died in the parameters indicated in Table 1. The
ptential annual average soil loss E (mass/area-
ume) is expressed as

E=RI,C,K,L,¥V) (14)
where the parameters are given in Table 1. Since
Eis a complex function of the parameters, charts

and nomograms have generally been used to calcu-
late the effect of each factor. Skidmore, Fisher,
and Woodruff'3 and Fisher and Skidmore'* have
prepared a computer code to facilitate solving the
equation.

The general relations between the primary vari-
ables, the equation parameters, and the potential
soil loss E are summarized below according to the
discussion in Woodruff and Siddoway'® and
Blackwood and Wachter.!®

Ecc]’cx:l-ls (15)
V3

E“CI“;/[_E (16)

« K, (K,>35in)
ExcK' 1 (7

o« — (K, <3.5in.)

K,

Exl'«Df— D, (18)
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E —_—
=7 * sk, (19)

All of these parameters are described in Table 1.

The wind erosion equation is designed for use
with small or large areas of land. Input parameters
are generally annual average values and are com-
parable to the data generally available for generic
environmental assessments. A great body of litera-
ture is available to give guidance in specific ma-
nipulations of the technique. The estimates given
by the wind erosion equation are net soil loss (total
mass/area-time), with no information regarding
the respirable or suspended particle sizes. Some
work of Gillette discussed later is of use in express-
ing the net erosion in terms of suspended dust flux.

It is difficult to present a concise summary of
the wind erosion equation for two reasons. First, it
is not a single equation; although it is based on
information embodied in numerous theoretical and
empirical relationships, no summary equation has
been developed. Second, some relationships origi-
nally developed in terms of measured soil parame-
ters have not been used directly in the final wind
erosion equation. These have been replaced by rela-
tionships normalized to well-studied sites and
expressed in terms of annual average values of
more easily obtained quantities.

In later models reviewed here, some of the
original parametric relationships have been picked
up by other investigators and used to advantage.
This is particularly true of Blackwood and
Wachter!® in the parametric emission rate; Gillette,
Blifford, and Fenster'® in the suspension flux mea-
surements; and Travis!” in the development of the
combined suspension model. The fact that the rela-
tionships they employ do not appear explicitly
above is due to the modifications made in general-
izing the wind erosion equation.

Empirical Emission Factor

A number of authors have developed empirical
emission factors for specific atmospheric pollution
sources. Some examples are coal dust from coal
storage piles;!® rock dust from gquarrying, process-
ing, and handling rock products;'® and dust from
vehicular movements on dirt and gravel roads, in
construction  activities, and in  agricultural
activities.'® Schwendiman et al.?® used a similar
technique in initial stages of evaluating dust
releases from uranium mill tailings piles.

NUCLEAR SAFETY, Vol. 23, No. 6, November—December 1982
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The emission factors are dust release rates
(mass/time), estimated for a given source in it
specific geometry. Emission factors are also found
expressed in the units of a fractional release rat
(mass released/mass of source-time), but this dis
cussion will not use those units. Suspended {(u
respirable) dust concentrations x(x,y.2;H)
(mass/volume) are measured by receptors al
several locations downwind from the source. The
data are then fitted with a Gaussian plume atme
spheric dispersion model to give the effectiv
release rate (or emission factor)

2

Q = 2woy0,u x(x,y,2.H) exp 1_2
%

(z — H)

X {ex — T A

P 20,2
=1
+ H)?
+ exp|— (i?az—) (20
2z

where this model represents a continuous point
source release, and

where x = downwind distance (length) from
plume source to receptor 4

y = crosswind distance (length) from the
axis of the plume to receptor
receptor height (length) above ground
mean wind speed (length/time) during
the time of measurement
H = effective release height (length) for

i

N

the source

o, = standard deviation in the crosswind
direction of the plume concentration
distribution

g, = standard deviation in the vertical of

the plume concentration distribution

For detailed discussions of various forms of such
dispersion models, the reader 1is referred to
Turner?! or Slade.??

Although restricted to the conditions at the :

time of dust concentration measurements, an
empirical emission factor gives an estimate of the
magnitude of future releases from the specific
source. The technique has been used typically to
predict respirable particulate releases only and does
not include any information on releases of saltating
particles. With suitable dust concentration mea-
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sirements, the technique will estimate suspended
dust releases as well. Calculations of empirical
emission factors are required for each given appli-
cation, and they are subject to the assumptions
required for making Gaussian plume dispersion
estimates, 222

Parametric Emission Rate

Blackwood and Wachter!> developed an
analysis of coal dust emissions from coal storage
piles. Although their conclusions were based on an
empirical emission factor, a parametric relationship
was developed to include some important environ-
mental factors that influence particulate emissions.
A parametric emission rate has the benefit of
allowing a single calculated empirical emission fac-
tor to be used in a form that can be modified by
changes in important environmental factors.

The emission rate Q (mass/time) is given the
form

Kc(uapbsc)
—_—— 2

where « = unobstructed wind speed (length/
time) at a height equal to the mid-
height of the coal storage pile
p = bulk density (mass/volume) of the pile
surface area (area) of the pile
Thornthwaite’s precipitation-evapo-
ration index (dimensionless)’

s
I

P-E

| The exponents a, b, ¢, and d are all empirical con-

stants. Based on evaluations of data from soil ero-
sion studies and wind tunnel coal dust entrainment
studies, the most applicable ranges (and selected
values)'? for the four exponents are

27<a<30 (a=23)
20€b<59  (b=2)
c = 0.345
d =20

The value of the proportionality constant K. is cal-
culated for each application by solving Eq. 21 for
K, and letting Q be the empirical emission factor

. determined when the other four parameters are
¢ known. Once K. has been determined, Q0 may be

calculated for different conditions of wind speed,
pile area, pile density, and P-E index.

The parametric model of emission rate is of
interest because it includes the effects of major

physical factors and requires few measurements.
As in the case of the empirical emission factor, this
model estimates respirable or suspended particle
releases with no treatment of saltation.

Saltation {Horizontal) Flux

Bagnold?? studied the movement and drifting of
dune sands in the Libyan Desert and developed
wind tunnel techniques for measuring the horizon-
tal flux of particles in saltation under varying con-
ditions. Central to the discussion of saltation, and
to the models presented later in this review, is a
description of the wind-speed profile near the
ground and the forces acting to lift particles from
the earth into the airstream.

For the relatively high wind speeds needed to
cause soil erosion, a plot of wind speed vs. the log-
arithm of height above the ground gives a straight
line (Fig. 1). Different wind speeds, measured at

_. 800 T
Z 600 |-
(&)
)
a 400 (-
vy
O
Z 200+~
=
z 0 L
0001 001, 01 1.0 10.0 100.0
2, HEIGHT temy)

Fig. 1 Wind-speed profile: wind speed as a function of height
above the ground (adapted from Ref. 23).

the same height, lie along separate wind-speed pro-
files as indicated by the points P and P, Each
wind-speed profile u(z) (length/time) is defined by
a common intercept zo and a unique slope. Euch
profile may be represented by

=1 z
u(z) = " U*lﬂ[zol (22)

where U, is called the drag velocity or friction
velocity and k is von Karmann's constant (= 0.4).
The parameter z, is a small but measurable height
above the ground at which the wind speed becomes
zero. The parameter zg is dependent on the rough-
ness features of the soil surface. '
Figure 2 shows a sequence of wind profiles
measured over a bed of sand. The three curves
labeled U, and intersecting at z, were measured
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Fig. 2 Erosional wind-speed profile: U, = without wind ero-
sion, U./ = with wind erosion (adapted from Ref. 23).

while the sand surface was stabilized against wind
erosion by wetting. The three curves labeled by U,,,'
were measured while the surface of the sand was
dry and subject to erosion. In the latter case, the
amount of sand driven by the wind increased as Uy
increased. The zero wind-speed intercept was found
at increasingly greater heights for greater Uy, as if
the increased burden of saltating sand were acting
as increased roughness of the physical surface.
From Fig. 2 it is also apparent that, when erosion
is in progress, the wind-speed profiles intersect at a
common point. This point is used to define a height
zo and a velocity U,. Wind profiles during erosion
may all be described in terms of the common point
and a unique slope

4

’

l !
u(z) = Y Ugln 7

+ U, (23)

Manipulation of Eq. 23 yields a description of
the friction velocity U, during wind erosion as

. ku(z2) = U]
Us = (z/25) (24)

Bagnold?® defines three threshold velocities.
The first, U,, as used in Fig. 2 and Egs. 23 and 24,
is the impact threshold velocity. It is defined as the
velocity U, measured at zg for which saltation can
just be indefinitely maintained by the impact of
falling grains.

The fluid threshold velocity u, describes the
wind speed required to initiate particle movement
by the wind, rather than that required to sustain
the movement once it has started. This velocity is

greater than the impact threshold and is expressed
by
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1 .
4= 1 Uy In [f;] (25)

where the threshold friction velocity U,, is the fric
tion velocity at which erosion begins.

By equating the forces of gravity and wind on .
an average particle on the surface of a sand bed,
Bagnold gives an equation for the threshold friction
velocity,

Ue: = Ag
p

M] i (26)

where A; = an empirical constant (= 0.1)
p = density of air
o == density of the grain
g = acceleration of gravity
d = grain diameter

Using Eq. 26, the fluid threshold velocity u, may
be rewritten :

Ag

u(z) = —k_

"
gd(a - P)] In [__‘.Z_] (27)
p Z0 e

Equation 27 may be used to determine the wind
speed required to initiate movement of a given par-
ticle size. i

Bagnold?® states that the impact threshold ve-
locity U, may also be described by a relationship in
the form of Eq. 27 of the empirical constant Ay if
replaced by another A;, which is ~20% smaller
(~0.08). If the height of measurement is specified
as zg, then

|

A; | gd(o — £ z ‘
. _&M] In {_Ol (28)3
p Zo 5

Measurements of the mass flux of saltation par-|
ticles F) [mass/length(crosswind)-time] allowed
Bagnold to write a saltation model in terms of the
friction velocity U,

1

Y%
dl p ;.3
=cl& U 29
F,,CD]g* ()k

where D is the reference grain diameter of 250 um
and C is an empirical constant equal to 2.8 for]
sand with a very wide range of particle sizes. Sub-’
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Jauting Eq. 24 for U; gives the saltation flux in

2ms of the wind velocity measured at any height.

% 3
d| [klu(z) = Ui
D] { In (2/20) ] (30)

_Co
-
g

This model allows prediction of the saltation
%y over a uniform sand bed but does not include
streatment of the suspension flux of fine dust that
sy be present in the bed. The model is suitable
ir an application such as a uranium mill tailings
«le that is sandy in nature. It has been adapted
iy that purpose by Mills, Dahlman, and Olson** in
:mode] discussed next. Bagnold?® states that, in the
sesence of large particles, pebbles, rocks, or other
amobile elements, these models may not hold.

Ssitation-Driven Suspension

Mills, Dahlman, and Olson?* developed a model
o particulate suspension for uranium mill tailings
sised on the saltation models of Bagnold®® and the
suspension measurements of Gillette, Blifford, and
fenster.'® Mills, Dahlman, and Olson used Eq. 30
directly from Bagnold® as a model of the saltation
J uranium mill tailing sands. However, in the
wuation that Mills, Dahiman, and Olson presented
for the threshold velocity U, required in Eq. 30,
they have substituted Bagnold’s fluid threshold
wlocity (Eq. 27) in place of the impact threshold
selocity (Eq. 28) that should be used. Because the

- higher u, is used in place of U, it is likely that this

model will underestimate the rate of saltation at
any given wind speed.
The saltation flux formulation as implemented

by Mills, Dahlman, and Olson is composed of

tion par-
allowed
1s of the

(29)

o Co|d] (e
»= % |p| | Wz 3V
éand
)
A o] —
”'2_1([ gdla ’)] In (z/z)  (32)
I

, where the parameters are defined in the previous

25’1

2.8 for
s, Sub-

section. As noted, these equations differ from the
Bagnold?? formulations.

Dust suspension was estimated by Mills, Dahl-
man, and Olson using the data of Gillette, Blifford,
and Fenster,'® assuming the suspension flux F, to
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be directly proportional to the saltation rate F as
follows

FV = KF), (33)
where K is a proportionality constant dependent on
the height of the suspended dust measurement and
conditions of the soil or tailings. Mills, Dahlman,
and Olson?® inferred a value for K of 107° m™!
for dusts 0.4 to 6.0 um in diameter suspended at
375 m above agricultural soil. This value is
derived from a single measurement presented by
Gillette, Blifford, and Fenster.!® More measure-
ments are now available and should be considered.
Because of the limited particle-size range
represented by K, the vertical flux represents the
respirable particles only. This model provides esti-
mates of saltation and respirable particle flux but
not the flux of all particles in suspension.

Suspension (Vertical) Flux

D. A. Gillette and other researchers of the
U. S. National Center for Atmospheric Research
prepared a series of reports describing particle-size
measurements of suspended soil aerosols above
eroding agricultural fields.'®?° 2 Several conclu-
sions were supported by the measurements, which
were limited to the range of particle diameters
from 2 to 20 pm. N

1. Suspension is not measured in the absence of
saltation.

2. Size distributions of suspended particles
match the particle-size distribution of the original
soil.

3. Mass flux of suspended particles increases
with wind speed.

4. Mass flux is greater over a soil with a larger
mass fraction in the suspendible size range.

Based on his experimental data, Gillette?
related suspension flux F, (mass/area-time) to
wind speed as

Uy |’
F,=C,|* 34
o, (34)
where v = >3 and is highly soil specific
C, = a proportionality constant
U, = drag velocity measured during erosion
U,; = threshold drag velocity
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Travis?® fit the data of Gillette®® and concluded
that 5 could be specified as

>
y= T4 (35)

where P is the mass percentage of particles of
diameter <20 um in a given soil. The model
developed by Travis'™? is discussed later. Gillette
did not give a value for C,: however, Travis'? used
the data to estimate a value of 2X1071°
g/(cmz-s). ,

In comparing measured suspension and salta-
tion fluxes, Gillette?® found that the suspension
flux increases more quickly with wind speed than
does the saltation flux: this held for all soils tested.
He reported a good fit of the saltation flux data to

Fr=CUiUs—Uy) (36)

where Cy, is a constant of proportionality. The data
supported a value of Cp, = 1 X 107¢ (g-s?/cm?*)
for three soil types.

Combined Suspension Model

Travis presented a model describing the redis-
tribution of wind-eroded soil and contaminant
mixtures.'?® The initial portions of the model
describe dust suspension as a function of saltation
flux. The intended application was the asscssment
of air concentrations and the downwind spread of
particulate 2*®*PuQ, deposited as a result of a
hypothetical nuclear heat-source accident. Parts of
Travis’ model were incorporated into the UDAD
computer code by Momeni® and have become part
of the FGEIS® and the computer code MILDOS.’
In these documents the application is particulate
releases from uranium mill tailings piles. The ver-
sion of the model incorporated into UDAD, MIL-
DOS. and FGEIS is somewhat simplified.

Travis'” follows Gillette, Blifford, and Fenster!®
in using a simplified form of the wind erosion
equation to estimate the saltation flux of soil Fj.
A simple erodibility function X [mass/
length(crosswind)-time], based on early versions of
the wind erosion equation, is used:

3 al p—
(RK,)®

X (37)
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where [ is the soil erodibility index based on the
fraction of the soil mass in particles >840 um, Ris
the amount of vegetative residue (mass/area), K,
is a surface roughness equivalent (length), and twe
empirical constants are represented by a and b
Gillette, Blifford, and Fenster'® proposed correcting
this function for wind speed

)3
A= ] o
*r

where U,, is a reference friction velocity for the
conditions when the formulation for X was deter-
mined.

The equation used in Travis’ model’’ is further
modified by using the form suggested by Gillette®
(Eq. 36) and using an effective friction velocity
U,. that accounts for soil moisture and the pres
ence of large roughness elements, which ma
reduce the friction velocity acting on the soil. The
large roughness elements might be large rocks.
plants, or trees; they affect soil erosion in addition
to the effect of soil roughness features accounted
for by K, in Eq. 37. Thus Travis predicts horizon-
tal soil mass flux using

117

HUse  Usi

[Use
U Uwr

[ Uar

This description of Fj is not used in UDAD.
MILDOS, or FGEIS. In the versions implemented
in those computer codes, the horizontal mass flur
Fy is calculated from Eq. 36. A modification i
applied to account for soil moisture content, bu
vegetative cover, soil surface roughness, and large
roughness elements are not considered in UDAD.
MILDOS, or FGEIS.

In developing a description of the vertical mas
flux of soil, F,, Travis!? started with a generi
relationship for saltation,

Fp = CUJ (40)

where Cy, is the constant used in Eq. 36. The verti
cal flux of particles, F,, is taken by Travis from
Gillette? as
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where the parameters are as previously defined.
Travis combines Egs. 40 and 41 using the identity
F,/CoU3 = 1, giving

icv U; s
Usi

F —_ ——w
'~ [aon “2

Travis notes that as U; approaches U,, the
suspension flux must go to zero, and he forces this
limit by subtracting 1

C,
ChU:{l

This formulation has several other important
features. First, as the mass percentage of particles
<20 um approaches zero, the suspension flux is
forced to zero. Second, the suspension flux has
been made functionally dependent on the saltation
flux Fj, which Travis calculates from Eq. 39.
Third, the calculated Fj is normalized by the ratio
of suspended to saltating mass (C,/Cy) observed
by Gillette.?> These modifications make the vertical
flux model quite interesting, and it has been incor-
porated directly into UDAD, MILDOS, and
FGEIS.

FV=Fh U
*t

Y
ﬂ*—] —1] (43)

Concentration Gradient

Shinn et al.3° measured dust concentrations as
a. function of height and wind speed at two sites.
They found that the concentrations followed a
power function of height. Because the measure-
ments were restricted to particles <10 pm in diam-
eter, this model is useful only for respirable parti-
cle sizes.

The dust concentration power function may be

cal maZ} written in concentration gradient form as

general

(40

The vert

dx(z) _ px(z)
dz z

(44)

where x(z) (mass/volume) is the airborne dust
concentration at height z and p is an empirical

avis fror' constant (~ 0.3). The vertical mass flux of dust,

.

F,(z} (mass/area-time), in terms of the concentra-
| tion gradient is

(45)

TSa s A AR Pt e g T T e

AR A AT AR TR e et & L
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where « is the eddy diffusivity, a measure of the
turbulent mixing of the air. It is expressed as

k= kzU, (46)

where k is von Karmann’s constant (= 0.4) and
U, is the friction velocity. Combining Egs. 44 to 46
gives

FAz) = pkU,x(2) (47)
Shinn et al.3® restricted their flux values to 1-m
height, noting that only a 20% error is incurred so
long as the concentrations are measured between
0.7 and 2.0 m. This restriction simplifies the flux
expression
F,(1) = pkU x(1) (48)
The concentration data of Shinn et al. for two
sites fit the form

x(1) = CU* (49)

where C, is a proportionality constant and a is >2.
Both C. and « appear to be very soil specific.
Incorporating Eq. 49 into Eq. 48 gives

F,(1) = pkCol/ " (50)
where v is « + 1. We use the symbol vy here
purposely to recall the formulation presented by
Gillette, Eq. 34, which is similar. The form of the
equations differ; thus Gillette’s C, is not identical
to Shinn’s pkC,, but they are clearly related.

Shinn further developed the similarity by solv-
ing Eg. 50 for pkC,, stating that measurement of
the flux and friction velocity for a known case,
denoted as Fo(1) and Usxo, determined C, for the
particular site. Substituting the measured values
then gives

U Y
F(1) = Fo(D|* (31)
Uso

by which the flux at any friction velocity is deter-
mined for the specific site. If the Uyp is allowed to
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be the threshold friction velocity U,,. then
correspondence in form is achieved with Eq. 34.
Thus Gillette’s C, corresponds to the flux at Uy,
with the difference that Gillette’s measurements
were made at - = 3.75 m.

Resuspension Rate

Healy'! developed a model to provide estimates
of radioactivity concentrations in air over an area
of deposited radioactive particles. The original
application was to radioactive particles deposited at
the’ Nevada Test Site as a result of nuclear
weapons tests.

Healy's model uses a numerical technique to
account for source size and geometry. but the tech-
nique is not presented in available reports. The
estimated airborne radioactivity is used as input to
a Gaussian plume atmospheric dispersion ‘model.
The airborne radioactivity estimates are based on a
resuspension rate R (time™') and the radioactivity
on the soil ¢, (radioactivity/area). The product of
these parameters is equivalent o the radioactivity
flux. according to Anspaugh et al.’

F. = RC, (

n
2
~—

For this relationship to hold, the radioactive con-
taminant on the soil surface must be measured in
terms of its presence in the suspendible fraction of
the surface soil. In contrast to Eq. 6. the effect of
deposition has not been included. and the model
holds for particles of negligible deposition velocity.

Anspaugh et al.? further pursued the relations
between the resuspension rate R (time ™ '), the air-
borne dust concentration x (mass/volume). and the
resuspension factor Sy (length™ "),

R = _1"(‘,L X = _pkULs, (53)

where k is von Karmann's constant, U, is the fric-
tion velocity (length/time). and p is the power of a
power function describing dust concentration vs.
height. This formulation is based on the work of
Shinn et al.*® described previously. The dust con-
centration and flux values were restricted by
assumption to 1-m height. and the relationships
were based on measurements limited to the respir-
able particle-size range.
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CATEGORIZATION OF MODELS

The number and diversity of models reviewed
makes a concise summary and categorization desir-
able. Table 2 is an attempt to provide both a quick
reference and a useful tabulation of the models
features. In Table 2 three major subdivisions are
evident, and these arc described further in the fol-
lowing paragraphs.

Suitable Applications

The two categories under this heading indicate
the conditions for which the model was developed,
or for which it is most suitable because of simplify-
ing assumptions or explicit parameterization.

Source Size. Some models assume an infinite
source, whereas others are developed specifically
for small or limited areas. No estimate is made of
the cutoff between small and large for model appli-
cation. However, those models requiring large
areas generally depend on the assumption that the
upwind expanse is sufficient to produce an equi-
librium air concentration. In other words, the addi-
tion of more contaminated land upwind shouid not
increase the measured air concentration.

Material. Three source material categories are
offered to describe the intended applications.
“Deposited particles” implies applications where
the particles of interest are not of the same nature
as the soil or other substrate. “Soil-like sources”
identifies models that (1) are applicable to the
movement of soil particles and (2) describe the
movement of contaminants intimately mixed with
soil. “Specific application” is a category for models
that apply only to one specific source type or
geometry.

Environmental Parameters

The eight categories included in Table 2 relate
to features that enhance the representation of
source or environmental conditions. Because wind
suspension is in fact a function of these parameters
and others, it may be assumed that lack of explicit
parameterization implies simplifying assumptions
used to limit dependence on the parameter or that
measured input data implicitly include the effects
of environmental conditions at the time of mea-
surement.
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Quantity Estimated

Seven categories are used to group the model
estimates in terms of their dimensions and
particle-size restrictions. Generic dimensions are
given in Table 2, but each model’s constants or
measured parameters may impose a specific system
of units. Particle-size restrictions are noted
parenthetically with abbreviations for respirable
(resp.). suspended (susp.), net loss (net), or with
specific particle-size ranges in terms of particle
diameter (dia.). These size classes are somewhat
flexible, and specifics should be consulted in this
text and the original reports. 3

CONCLUSION

Environmental impact assessments and interest
in environmental cycling of radionuclides have pro-
duced needs for models of particle entrainment,
dispersion, and deposition. In this review we focus
on the commonly available models for saltation,
suspension, and resuspension. Our purpose is two-
fold: (1) to present in one place a brief discussion
of the several techniques in use and (2) to cate-
gorize in an ‘outline fashion the essential features
of the models.

Shaeffer’? presents an approach to model
evaluation that is useful in putting this review in
perspective. He divides the methodology into six
major tasks: (1) model examination, {2) algorithm
examination, (3) data evaluation, (4) sensitivity
analyses, (5) validation studies, and (6) code com-
parisons. The first five items are essential in the
development of an acceptable model, and the sixth
is limited to cases where computer codes exist. This
article addresses only item 1 of Shaeffer’s list; the
burden of fully evaluating a model for a specific
use falls to the individual researchers.

Further investigation of these models will reveal
that they all are greatly data limited. The mea-
surements supporting the more simple resuspension
factor and mass loading models are prevalent, and
this results in their general dominance in many
uses. Certain benefits are to be gained, however,
from judicious application of the more mechanistic
models that incorporate the effects of major
environmental factors. These benefits include the
ability to evaluate the uncertainty associated with
estimates resulting from reasonable variability
assumed for each of the environmental parameters.
In many cases the ability to set justifiable limits on
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the variability of an estimate may be as important
as the estimate itself.

Another benefit may arise from the concurrent
evaluation of simple and complex models. Avail-
able data may support the use of a simple model,
but evaluation of the same problem with a
mechanistic model may lead to increased under-
standing. Situations where changes over time are
apparent may be especially well suited for study

“with the more mechanistic models. Cases where

mitigating actions might be considered for reducing
particulate releases might well be studied in a
time-dependent fashion using a model that can
reflect the temporal variation of important environ-
mental factors.

Validation of entrainment models has been
grossly inadequate. Models have been formed on
the basis of limited data and have often received
extensive use without the benefit of subsequent
validation or verification. A case of interest is the
use of portions of Travis’ Combined Suspension
Model in MILDOS, UDAD, and FGEIS. This
model was developed from work of diverse origins.
is quite general, and is exceptionally parametric. It
was adopted and has received use of considerable
impact in these three computer codes. Yet, to our
knowledge, it has never received corroborative
verification or controlled validation.

We encourage researchers to carefully consider
not only the assumptions and inherent limitations
underlying the formulation of the models used but
also to give considerable attention to the depth and
quality of data available as input. For those
involved in data collection and entrainment mea-
surements, we hope that this article may generate
some interest in concomitant measurement of some
important environmental factors needed to allow
validation of the models.
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